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508a Tuesday, February 28, 2012the protein stability by ~ 7 kcal mol1 whereas the impact of Mg2þ on DREAM
stability is significantly smaller, ~ 1 kcal mol1. The stability of the C terminal
domain in both apo and Ca2þ bound form is significantly smaller compared to
the full length protein, suggesting that the inter-domain interactions signifi-
cantly contribute to the structural and functional properties of DREAM.
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Calmodulin (CaM) is a prototypical and versatileCa2þ sensor. CaMis present in
all eukaryotic cells, mediating Ca2þ-dependent signaling. Upon binding Ca2þ,
CaM changes its conformation to form complexes with a diverse array of target
proteins. Despite a wealth of knowledge on CaM, little is known on how target
proteins regulate CaM’s ability to bind Ca2þ. Recently we identified a novel
splice variant (KCNN2-b) of KCNN channels which shows different Ca2þ sen-
sitivity compared to the original KCNN2-a. KCNN2-b has three additional
amino acid residues in the CaM binding domain (CaMBD). We take advantage
of the CaMBDs from these splice variants to investigate their impact on CaM.
Crystal structures show that interactionswith these KCNN2 splice variants force
CaM to adopt different conformations and thus change its affinity for Ca2þ at its
C-lobe. All four EF-hands of CaM in the CaM-CaMBD2-b complex are occu-
pied by Ca2þ ions, whereas in the CaM-CaMBD2-a complex only EF-hands
at CaM N-lobe are loaded. Experiments with mutant CaMs support this differ-
ence in Ca2þ binding stoichiometry. Mutations of the EF hands at CaM
N-lobe (CaM12) almost abolished the interaction with both CaMBDs. The
mutant CaM unable to bind Ca2þ at C-lobe (CaM34) interacts with
CaMBD2-a substantially, with a similar amplitude compared to wild type
CaM. The thermodynamic profile of CaM34-CaMBD2-b, however, is distinct
from that of thewild type CaM-CaMBD2-b. This difference inmetal ion binding
stoichiometry is also proven in solution by Tb3þ Fluorescence measurements.
We further manipulated the three residues insertion by shortening it to two res-
idues (CaMBD2-AlaAla) or one residue (CaMBD2-Ala). Different metal ion
binding stoichiometry and Ca2þ sensitivity was observed between CaM com-
plexes with these two mutant CaMBDs, which furthers our understanding on
the fine-tuning of CaM’s affinity for Ca2þ by target proteins.
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The intracellular concentration of Mg2þ (~1.0 mM) is sufficiently high to oc-
cupy the Ca2þ-binding sites in the N-domain of calmodulin (N-CaM) at the
resting Ca2þ levels. Thus, Mg2þ is expected to modulate the intracellular func-
tion of CaM. Here we report the 2.1 A˚ resolution X-ray structure of the Mg2þ-
bound N-CaM. The complex was crystallized in P1 space group with two
molecules in the asymmetric unit arranged into a back-to-back dimer. Both
N-CaM monomers adopt the closed-domain (off-state) conformation. The
structure reveals two modes of metal binding to an EF-hand. In site I Mg2þ oc-
cupies the usual metal binding position engaging directly the ligands typically
involved in Ca2þ coordination, with the exception of the bidentate coordination
from the glutamate side chain in the 12th position. The absence of that Ca2þ-
specific interaction explains the closed domain conformation. Unexpectedly,
in site II Mg2þ contacts the carbonyl oxygen of the last residue in the entering
helix (X-1 position) and the central carbonyl oxygen of the loop (-Y position),
which is a part of the EF-hand-b-scaffold. The remaining four coordinating po-
sitions are occupied by water, which, in turn, make strong two-pronged hydro-
gen bonds to sidechain carboxyls of Asp and Glu in Y and -Z positions of the
loop, respectively. This unusual bindingmode is apparently facilitated by a shift
of the entering helix stabilized by the protein interface in the crystal lattice. The
structure offers a view to the mechanism of an initial engagement of a hydrated
metal ion with an EF-hand and a plausible route for its dehydration and transfer
to the final binding position. These observations support and extend our previ-
ously proposed two-step EFBS mechanism (Grabarek, Z., J. Mol. Biol.
346,1351,2005).
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We have examined the structural consequences of methionine (Met) oxidation
in the calcium signaling protein calmodulin (CaM) using molecular dynamics
simulations. Protein oxidation by reactive oxygen species (ROS) is a criticalelement of cell function, but in the context of oxidative stress, has been impli-
cated in disease progression and biological aging. Calmodulin function is inti-
mately tied to muscle redox state through methionine oxidation by ROS and
reduction by methionine sulfoxide reductases. Our goal is to bridge our under-
standing of muscle dysfunction and protein oxidation with atomic-level in-
sights into site-specific methionine oxidation and calmodulin structural
dynamics. We have carried out multiple 100 ns molecular dynamics simula-
tions of explicitly solvated calmodulin starting from the calcium bound (1cll)
and apo (1cfc) crystal structures. Results from preliminary simulations suggest
that calcium bound CaM is structurally insensitive to methionine oxidation,
while methionine oxidation in apo CaM causes considerable changes in the dis-
tribution of conformational states. Our work is a component of a larger study in
which spectroscopic distance measurements and nuclear magnetic resonance
experiments are being carried out for site-specifically oxidized CaM in both
the calcium bound and apo biochemical states. We expect that our in silico re-
sults will bring atomic-level insight to spectroscopic measurements, and will be
integral to creating a more complete model for oxidation-induced changes in
calmodulin structural dynamics. Further, we anticipate that our results will
be applicable to the many biological and pharmaceutical contexts in which a de-
tailed understanding of protein oxidation, function and structure relationships is
sought. This work is supported by NIH (2R37AG026160-06) and the Minne-
sota Supercomputing Institute.
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Dysregulation of cellular Ca2þ homeostasis and b-amyloid peptide (Ab) have
been linked to cell dysfunction and death in neurodegenerative disorders, such
as Alzheimer’s disease (AD). We have recently reported that Ca2þ-dependence
of plasma membrane Ca2þ-ATPase (PMCA) activity is altered in AD-affected
brains, and in pig brain in the presence of Ab fragment (25-35) and full-length
Ab1-40 or 1-42 peptides, being inhibited by those peptides. In the present work,
performed with Ab1-42, we found that Ca2þ-calmodulin, the main endogenous
activator of PMCA, was able to block the inhibitory effect of Ab on PMCA ac-
tivity. Besides, the activity of truncated PMCA mutant lacking the C-terminal
domain involved in calmodulin binding was not inhibited by Ab. Dot blot over-
lay assays further confirmed an interaction of Ab peptide with both PMCA and
calmodulin. Thus, calmodulin may prevent the inhibitory effect of Ab on
PMCA activity by a mechanism that involves its direct binding to the protein,
changing PMCA conformation and thus occluding peptide binding to PMCA,
and/or its direct binding to the peptide. These finding may reveal a protection
role of calmodulin against the Ab-induced neurotoxicity in AD.
This work was supported by Ministerio de Ciencia e Innovacion (MICINN,
project BFU2008-00182), Fundacio´n Marcelino Botı´n, Junta de Extremadura
and FEDER.
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Neurogranin, also called RC3, is a small neuronal IQ domain protein whose
only known function is to bind calmodulin (CaM) in postsynaptic neurons. It
was hypothesized that RC3 acts as a CaM-buffer that regulates CaM availabil-
ity following Ca2þ influx based on qualitative data that indicated that RC3
bound preferentially to apo-CaM. Additionally, protein kinase C phosphoryla-
tion of Ser36 in the IQ domain of RC3 was shown to weaken CaM binding.
Currently, there is a lack of precise biophysical and biochemical data on quan-
tifying RC3, CaM and calcium interactions. We used isothermal titration calo-
rimetry to measure the thermodynamics of association between CaM and RC3
or a family of peptides that contain the minimal, extended or phosphorylated IQ
domain. The extended IQ domain produced similar results as wtRC3 in its bind-
ing to Ca2þ/CaM and apo-CaM and both bound more tightly to apo-CaM. In-
terestingly, the differences in their affinity to CaM was lessened by the addition
of physiological concentrations of salt. The minimal IQ domain peptide showed
distinct binding compared to wild-type RC3 indicating it is not a good mimetic
of the native protein. A phosphorylated form of the extended peptide eliminated
the binding to CaM; however, the phospho-mimetic version (S36D) of the same
peptide was still capable of binding to CaM. Based on these results, we are con-
structing a mathematical model that contains both RC3 and phospho-RC3 to
study their impact on the Ca2þ-CaM dynamics under physiological conditions.
We propose that RC3 has functions in the neuron beyond simply buffering CaM
Tuesday, February 28, 2012 509aand likely plays a key regulatory role in the spatial temporal pattern of Ca2þ
signaling underlying synaptic plasticity.
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Metabotropic glutamate receptor 1a (mGluR1a), known as a member of the
family C GPCRs, couples to Gq and modulates consequent PLC activity, IP3
accumulation and intracellular Ca2þ extrusion from ER lumen. The mGluR1a
is abundantly expressed in central nervous system and has been shown to be
responsive to the slow phase of the action potential in post-synapses, and to
be involved in chronic neuronal degenerative diseases, like Parkinson’s dis-
ease, Huntington’s disease and Alzheimer’s disease.We have predicted a poten-
tial Ca2þ binding site adjacent to the binding site to reported endogenous
agonist glutamate and antagonists. In this study, we have applied single cell im-
aging, IP1 binding, and radioactive assay to probe the effect of extracellular
calcium in modulating various types of the drugs of modulating mGluR1a
such as agonists, antagonists and allosteric modulators. We have shown that ex-
tracellular Ca2þ enhances the agonist’s activation of intracellular calcium re-
sponses of mGluR1a by increasing the drug binding to the receptor. In addition,
extracellular Ca2þ also differentially modulates the inhibition of the receptor
by antagonists and allosteric modulators. Our studies open a new avenue for
modulating drug effects and developing novel drugs against neurodegenerative
diseases.
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Ca2þ influx through voltage-activated plasmalemmal Ca2þ channels provides
a trigger for Ca2þ release from internal Ca2þ stores inmammalian postganglionic
sympathetic neurons. Here we examined whether a Ca2þ influx-independent, de-
polarization-induced component contributes to the rise in intracellular Ca2þ. Ex-
posure of postganglionic sympathetic neurons isolated from adult mice to a high
Kþ (80 mM), normal Ca2þ (2 mM) solution for 30 s caused sustained membrane
depolarizations from58.953.4mV to12.850.8mV (mean5SEM;38 cells)
and increases in fluo-4DF/F0 (F indicates fluorescence intensity, and F0 indicates
F at baseline),which rapidly resolvedupon repolarization (left Figure; peakDF/F0
averaged 5.2050.38). Superfusionwith a highKþ, Ca2þ-free solution caused de-
polarizations of similarmagnitude and small-amplitude increases inDF/F0 (mean
peak DF/F0 = 0.4150.03; 29 cells) with slow decay upon repolarization (right
Figure). Thapsigargin (1 mM) or the IP3 receptor inhibitor 2-APB (20 mM), but
not ryanodine (20 mM) or nifedipine (50 mM), abrogated Ca2þ rises evoked by








a rise in cytoplasmic
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Calcium/calmodulin-dependent kinase II (CaMKII) is a multifunctional ser-
ine/threonine protein kinase that regulates multiple ion channels and receptors
that are essential for neuronal activity and plasticity. To explore the role of
CaMKII in regulating neuronal calcium homeostasis, we applied pharmaco-
logical inhibitors of CaMKII (10 micromolar tat-CN21, tat-AIP, and myr-
AIP) to cultured cortical and hippocampal neurons and measured changes
in intracellular calcium levels using Fluo-4AM and Fura-2FF. CaMKII inhi-
bition induced a rapid increase in intracellular calcium levels. Dysregulated
calcium signaling was not limited to neurons, as CaMKII inhibitors also ini-
tiated calcium waves in cultured astrocytes that preceeded neuronal effects.
Inhibitors that disrupt neuronal activity, VGSCs, and AMPA-Rs, block this
calcium dysregulation in neurons. Although L-type calcium channel blockershad no effect, eliminating extracellular calcium, inhibiting NMDA-Rs or N-
type calcium channels did prevent calcium dysregulation in neurons, implicat-
ing aberrant glutamate release and/or post-synaptic activity in this calcium
dysregulation. Increased glutamate levels (2-4 micromolar) were observed
in the media following CaMKII inhibition. Enzymatic buffering of glutamate
in the media prevented the aberrant calcium influx. Finally, to directly test
whether CaMKII inhibition increases neuronal activity, voltage-clamp
electrophysiology was utilized to measure action potential generation to a de-
polarizing ramp current. Unlike inactive controls, CaMKII inhibitors induced
a three-fold increase in the number of action potentials when applied in the
patch pipette. In total, a loss of CaMKII activity results in dysregulation of
intracellular calcium homeostasis and a subsequent dysregulation of glutamate
signaling and neuronal excitability. Thus, CaMKII not only responds to neu-
ronal activity via changes in intracellular calcium levels, it also appears to
serve as a master regulator of neuronal excitability through regulation of cal-
cium homeostasis.
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We employ a coupled electromechanical mathematical model to better under-
stand the biophysical basis of the force-frequency response (FFR) in rat ven-
tricular myocytes under voltage clamp conditions. The model extends our
previous work on calcium signaling in the cardiac dyad, and the regulation
of Ca2þ-concentration in the myoplasm. The present work is focused on
achieving a better understanding of mechanisms involved in the rat FFR.
Specifically, we examine the role of calmodulin (CaM) in modulating
the key control variables Ca2þ/calmodulin-dependent protein kinase-II
(CaMKII), calcineurin (CaN), and cyclic adenosine monophosphate
(cAMP), as they mediate a rate-dependent effect on various intracellular tar-
gets controlling the FFR.
Our electrochemical model consists of an electrical-equivalent model for the
cell membrane; dyadic, myoplasmic and sarcoplasmic reticulum (SR) fluid-
compartments; and a modified model of the contractile system by Rice et al.
We incorporate frequency-dependent CaM-mediated and spatially heteroge-
nous interaction of the proteins CaMKII and CaN with their principal targets
(dihydropyridine (DHPR) and ryanodine (RyR) receptors, and the SERCA
pump). Also included are the rate-dependent effects of phospholamban
(PLB) on SERCA pump; cAMP on the DHP-sensitive Ca2þ channel; and the
enhancement in SERCA pump activity via phosphorylation of PLB.
Investigators using multicellular rat ventricular preparations have recorded
both positive and negative peak FFRs. Under specific conditions, our VCmodel
can generate either a positive or a negative FFR, while providing mechanistic
understanding of its genesis. In addition, the model provides quantitative
insight into rate-dependence of CICR by investigating the frequency-
dependence of each contributing factor. Since several aforementioned multicel-
lular studies were conducted at different temperatures, we also investigated the
temperature-dependence of FFR.
Our modeling study suggests that cAMP-mediated stimulation and rate-
dependent CaMKII-mediated up-regulation of the trigger current ICa,L are
key mechanisms underlying the inconsistency in FFR observations in multicel-
lular rat ventricular tissue.
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Cardiac ryanodine receptor (RyR)-dependent diastolic SR Ca2þ release is in-
creased by beta-adrenergic receptor (ß-AR) stimulation. Increased diastolic
RyR activity can lead to arrhythmogenic spontaneous SR Ca2þ release. Our
studies have shown that calmodulin-dependent protein kinase II (CaMKII) ac-
tivation by nitric oxide (NO) implicates nitric oxide synthase (NOS) in the
pathway. Here we investigate the role Akt may play in activating NOS, thus
increasing diastolic SR Ca2þ release during ß-AR stimulation in isolated rabbit
ventricular myocytes. Western blot analysis showed a dose-dependent increase
in phosphorylated Akt in response to the b-AR agonist isoproterenol (ISO). Cy-
tosolic Ca2þwas measured using fluo-4 loaded intact myocytes. SR Ca2þ was
varied by field-stimulated to steady state at different frequencies. Tetracaine
